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Abstract:  Results  of  applying  a  variety  of  gear  fault  detection  techniques  to  experimental  data  is 
presented.  A  spiral  bevel  gear  fatigue  rig  was  used  to  initiate  a  naturally  occurring  fault  and  propa¬ 
gate  the  fault  to  a  near  catastrophic  condition  of  the  test  gear  pair.  The  spiral  bevel  gear  fatigue  test 
lasted  a  total  of  eighteen  hours.  At  approximately  five  and  a  half  hours  into  the  test,  the  rig  was 
stopped  to  inspect  the  gears  for  damage,  at  which  time  a  small  pit  was  identified  on  a  tooth  of  the 
pinion.  The  test  was  then  stopped  an  additional  seven  times  throughout  the  rest  of  the  test  in  order  to 
observe  and  document  the  growth  and  propagation  of  the  fault.  The  test  was  ended  when  a  major 
portion  of  a  pinion  tooth  broke  off.  A  personal  computer  based  diagnostic  system  was  developed  to 
obtain  vibration  data  from  the  test  rig,  and  to  perform  the  on-line  gear  condition  monitoring.  A 
number  of  gear  fault  detection  techniques,  which  use  the  signal  average  in  both  the  time  and  fre¬ 
quency  domain,  were  applied  to  the  experimental  data.  Among  the  techniques  investigated,  two  of 
the  recently  developed  methods  appeared  to  be  the  first  to  react  to  the  start  of  tooth  damage.  These 
methods  continued  to  react  to  the  damage  as  the  pitted  area  grew  in  size  to  cover  approximately 
75%  of  the  face  width  of  the  pinion  tooth.  In  addition,  information  gathered  from  one  of  the  newer 
methods  was  found  to  be  a  good  accumulative  damage  indicator.  An  unexpected  result  of  the  test 
showed  that  although  the  speed  of  the  rig  was  held  to  within  a  band  of  six  percent  of  the  nominal 
speed,  and  the  load  within  eighteen  percent  of  nominal,  the  resulting  speed  and  load  variations 
substantially  affected  the  performance  of  all  of  the  gear  fault  detection  techniques  investigated. 


Key  Words:  Diagnostics;  Failure  prediction;  Fatigue;  Gear 


Introduction:  Drive  train  diagnostics  is  becoming  one  of  the  most  significant  areas  of  research  in 
rotorcraft  propulsion.  The  need  for  a  reliable  health  and  usage  monitoring  system  for  the  propulsion 
system  can  be  seen  by  reviewing  rotorcraft  accident  statistics.  An  investigation  of  serious  rotorcraft 
accidents  that  were  a  result  of  fatigue  failures  showed  that  32  percent  were  due  to  engine  and  trans¬ 
mission  components  [1].  In  addition,  governmental  aviation  authorities  are  demanding  that  in  the 
near  future  the  safety  record  of  civil  helicopters  must  match  that  of  conventional  fixed-wing  turbojet 
aircraft.  This  would  require  a  substantial,  thirtyfold,  increase  in  helicopter  safety  statistics.  Practi- 
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cally,  this  can  onh’  be  accomplished  with  the  aid  of  a  highly  reliable,  on-line  health  and  usage 
monitoring  (HUM)  s\'stcni.  .A  ke\'  pertormanee  element  or  a  HL  .\I  sc  steni  is  to  determine  it  a  taiilt 
exists,  as  early  and  reliabh'  as  possible.  Therefore  research  is  neeessapv  to  develop  and  ptxwe  vari¬ 
ous  fault  detection  concepts  and  methodologia.s. 


A  number  of  methods  ha\'e  been  dewdoped  to  pro'.'ide  earlj.  detection  of  gear  tooth  damage.  McFadden 
proposed  a  method  to  detect  gear  tooth  cracks  and  spalU  using  the  instantaneous  phase  of  the  de- 
moduhited  time  signal  [2].  Stewart  devised  several  tinte  domain  discriminant  methods  of  which 
FMO,  a  coarse  fault  detection  panimeter.  and  F.M-,  an  isolated  fault  detection  parameter,  are  the 
most  widely  referenced  [,2].  Lymi  f4j,  and  Liu  [('J,  prop.osed  using  the  instantaneous  freriuency  of 
the  demodulatetl  time  signal  to  detect  gear  surtace  pitting.  .Metlaxls  and  NB4  were  recenth' 
developed  at  .N.AS.A  Lewis  Research  Center  to  provide  earl\  iletection  of  gear  toc>tli  stirftice  tiam- 
age,  and  continue  to  react  tci  the  damtige  to  it  spretaL  and  grows  in  se'.'crit}'  [(■i]. 

Verification  of  these  detection  methods  with,  experimental  data  along  with  a  comparison  of  their 
relative  performance  is  a  crucial  step  in  the  o'.  eral!  pnweos  of  i.le\'elo[n.ng  a  higliK  reliable  HUM 
system. 

In  view'  of  the  aforementioned,  it  becomes  the  object  vg' the  rc'-earch  reporteei  herein  to  detemiine 
the  relative  performance  of  the  detection  methods  a^  the;,  are  applied  to  experimental  data.  Each 
method  is  tipplied  to  vibration  data  obtained  from  a  spiral  be'-el  gear  fatigue  rig  at  N.AS.-V  Lewis, 
where  the  test  gears  are  run  until  a  fatigue  failure  ricctir'.  In  the  test  used  in  this  stud},  a  tooth  on  the 
pinion  developed  a  pit  during  the  first  fi\e  and  a  ha.lt  hours  of  the  run.  The  pit  was  allowed  to 
propagate  over  a  majoritx  of  the  tiioth.  resulting  in  tooth  iracture.  The  pertoi’iiuince  of  each  method 
is  discussed,  and  o\'erall  conclusions  are  presented. 

Theory  of  Fault  Detection  .Methods:  .-Ml  of  the  metii.'dN  in  this  iin estigation  utilized  vibration 
data  that  was  pre-processed  as  it  v.as  collected.  Tv  eliminate  tlie  noi'e  and  \'ibration  that  is  incoher¬ 
ent  W'ilh  the  rotational  speed  of  the  spiral  bevel  test  pinion,  the  raw  \abration  data  was  time  synchro¬ 
nous  averaged  immediatel}'  after  being  tiigitized.  During  time  ss  iichronous  a\'eraging,  the  rlata  was 
also  interpolated  to  obtain  1024  points  viser  ti’ve  compilete  re'.'olutions  of  the  test  [linion,  Liach  ot  the 
methods  below  were  then  applied  to  the  time  a’cerage^!  aixl  interpolatcsl  \'ibration  ilata. 

FMO  is  formulateti  to  be  an  indicator  of  major  faults  in  a  gear  mesh  by  elctecting  major  changes  in 
the  meshing  pattern  1.2],  F.MO  is  touni.!  b}  di'ciding  the  peak-to-peak  lewd  ot  tliL'  signal  awrage  b\' 
the  sum  of  the  amplitudes  of  the  mesh  freeiucncy  and  it'  harmonics.  In  maji'r  tooth  faults,  such  as 
breakage,  the  peak-to-peak  level  tend'  to  increU'e,  re'tiking  in  F.MD  increa'ing.  For  heav}'  distrib¬ 
uted  wear  or  damage,  the  peak-to-peak  remains  somewhat  constant  but  the  meshing  tieeiuenc}'  lee  - 
els  tend  to  decrease,  resulting  in  F.MO  increa'ing. 

FM4  was  developed  to  detect  changes  in  the  \  ibraiion  pattern  residting  from  damage  on  a  limited 
number  of  teeth  [3|.  .A  difference  signal  is  first  constructed  by  remo\  ing  the  regular  meshing  com¬ 
ponents  (shaft  frequenc}'  and  harmonic-,  priniar}  meshing  trequenc}'  aixl  harmonies  along  with 
their  first  order  sidebands)  from  the  original  signal.  The  fourth  normalized  statistical  moment  ( nor¬ 
malized  kurtosis)  is  then  applied  to  this  dillercnce  signal.  For  a  gear  in  goorl  con-lition  the  rlittereuce 
signal  would  be  primariU  Ciaussian  noise,  resulting  m  a  normalized  kurtosis  wilue  ot  .2  i  non-tlimen- 
sional).  When  one  or  two  teeth  dewdop  a  detect  i  -uch  as  a.  crack,  or  pitting )  a  peak  or  series  ot  peaks 
appear  in  the  difference  signal,  resulting  in  the  nv’rmalized  kurtosis  '.  alue  tv'  increase  bevond  the 
nominal  value  of  2, 


A  demodulation  technique  was  developed  to  detect  local  gear  defects  such  as  fatigue  cracks,  pits 
and  spalls  [2].  The  basic  theory  behind  this  technique  is  that  a  gear  tooth  defect  will  produce  side¬ 
bands  that  modulate  the  dominant  meshing  frequency.  In  this  method  the  signal  is  band-passed 
filtered  about  a  dominant  meshing  frequency,  including  as  many  sidebands  as  possible.  The  Hilbert 
transform  is  then  used  to  convert  the  real  band-passed  signal  into  a  complex  time  signal,  or  analytic 
signal.  Using  the  real  and  imaginary  parts  of  the  analytic  signal,  the  instantaneous  phase  (I.P.)  can  be 
estimated  from  the  filtered  sidebands.  Teeth  with  a  surface  failure,  or  fatigue  crack,  will  cause  a  lead 
or  lag  in  tooth  contact  during  meshing,  resulting  in  transient  changes  in  the  gear  rotation.  These 
transient  changes  in  rotation  will  dominate  the  I.P.  function.  The  standard  deviation  of  the  I.P.  is 
then  calculated  over  one  complete  revolution  of  the  pinion  to  produce  a  single  number  in  order  to 
quantify  the  relative  variance  of  the  I.P.  at  each  point  in  the  run. 

Another  technique  was  proposed  in  which  the  rate  of  change  of  the  instantaneous  phase  is  calcu¬ 
lated  [4,  5].  This  rate  of  change,  or  instantaneous  frequency  (I.R),  is  sensitive  to  the  transient  rota¬ 
tional  speed  changes  caused  by  teeth  with  surface  defects,  or  root  cracks,  going  through  the  meshing 
process.  The  instantaneous  frequency  and  instantaneous  phase  are  different  representations  of  the 
same  physical  phenomenon,  however  the  instantaneous  frequency  is,  by  definition,  more  sensitive 
[4] .  A  small  change  in  phase  within  a  very  short  time  would  result  in  a  correspondingly  large  change 
in  the  I.R  The  I.R.  is  also  calculated  from  a  bandpassed  portion  of  the  time  signal,  using  the  Hilbert 
transform.  The  I.R.  is  found  using  equation  I  below: 

b(tmb(t)]-U(t)H[b(t)3  ^ 

^  27cE^(t) 


where 

f(t)  instantaneous  frequency  (Hz) 

b(t)  band  passed  signal 

b'(t)  first  derivative  of  band  passed  signal 

H[b(t)]  Hilbert  transform  of  band-passed  signal 

H  '[b(t)]  first  derivative  of  Hilbert  transform  of  bandpassed  signal 

E(t)  envelope  of  bandpassed  signal  (magnitude  of  complex  time  signal) 

fc  carrier,  or  center,  frequency  of  band  (primary  mesh  frequency) 

The  standard  deviation  of  the  I.R.  is  then  calculated  over  one  complete  revolution  of  the  pinion  to 
produce  a  single  number  in  order  to  quantify  the  relative  variance  of  the  I.R.  at  each  point  in  the  run. 

NA4  is  a  method  recently  developed  at  NASA  Lewis  to  not  only  detect  the  onset  of  damage,  but 
also  to  continue  to  react  to  the  damage  as  it  increases  [6].  Similar  to  RM4,  a  residual  signal  is 
constructed  by  removing  regular  meshing  components  from  the  original  signal,  however,  for  NA4, 
the  first  order  sidebands  stay  in  the  residual  signal.  The  fourth  statistical  moment  of  the  residual 
signal  is  then  divided  by  the  current  run  time  averaged  variance  of  the  residual  signal,  raised  to  the 
second  power,  resulting  in  the  quasi-normalized  kurtosis  given  in  equation  2  below; 


NA4(M)  = 


NSb-f) 
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(2) 


3 


where 


r  residual  signal 

p  mean  \'alue  of  residual  signal 

N  total  number  of  time  points  in  time  reeae-J 

1  data  point  number  in  lime  record 

M  current  time  record  number  in  run  eiisL-mble 
j  lime  record  number  in  run  ensemble 

In  NA4,  the  kurtosis  is  normalized,  howe'cer  it  m  nv'-rmal!;-m\!  U'-ing  tlte  '.ananee  ot  the  resitlual 
signal  avertiged  o\'er  the  run  uji  to  the  current  time  record  number,  where  N-\4  i--  being  ealeulateLl. 
With  this  method,  the  changes  in  the  residual  signal  are  constantl)  being  eMtupareii  to  the  running 
average  of  the  wiriance  of  the  system,  or  a  v.eiglued  baseline  for  the  specific  system  in  "good" 
condition,  Tliis  allows  N.-\4  to  grov-.'  with  the  severit'.  of  the  fault  until  the  a\  er;ige  of  the  variance 
itself  changes,  N.-\4^4  a  modified  version  of  X.-\4,  a'f.'v,  s  Pk-  parameter  to  continue  to  grow  further 
by  “locking"  the  value  of  the  ar  eraged  \'ari;i:'.ce  '.vhen  the  it'stantanei-'Us  'rariance  exceeds  predeter¬ 
mined  sttitistieal  limits.  .-\s  with  luMd,  N.\4  is  dimer.'ior.'css,  v,  ith  a  wiltie  of  .4  under  nominal 
conditions, 

NB4  is  another  parameter  recently  Lle'velopw!  at  N.-\S.-\  l.ev,  is,  N4.14  is  similar  to  N.-\4  in  tluit  it  also 
uses  the  quasi-normalized  kurtosjs  gi\  on  in  equativm  2  ;;bc"re.  The  majoiwlitlerence  is  tluit  instead  ol 
using  a  residual  signal,  NB4  uses  tlie  emvelopo  of  the  sigttal  bandiuissod  about  the  mesh  frequency. 
As  with  the  other  denioi.lulatirni  techniLiues.  the  signal  is  band-passed  filtcrcil  about  the  dominant 
(primary  )  meshing  freciuencw  I'sing  the  !  lilberi  transt'k'rnu  a  complex  time  signal  is  created  in  which 
the  real  part  is  the  band-pass  signal,  aus!  tlte  im.iginar;.  par;  is  tlie  l  lilbert  transform  of  tlte  signal. 
The  envelope  is  the  magnitiule  ot'ihis  complex  time  sign.ii,  atiel  rcqmesents  an  estimate  of  the  ampli¬ 
tude  modulation  present  in  the  signal  due  tv  the  sidebar.d.s.  .Amplitude  modulation  in  a  signal  is  most 
often  due  to  transient  variations  in  the  loading.  Tlie  basic  tr.eors  behind  this  methorl  is  that  a  tew 
dumtiged  teeth  will  cause  transient  Kurd  iluciii.itions  unlike  the  normal  toc'th  Knid  fluctuations,  and 
thus  be  observed  in  the  enwlope  of  the  signal.  N'B--  can  be  calculated  using  equation  2  abos'c.  with 
the  exception  of  substituting  the  envelope  cif  the  signal  in  pl.ice  of  the  residual  signal.  N'B-k-  uses  the 
same  modification  techniciue  as  N.-\4 ' .  .\M4  is  als,>  vi i men si.m less,  v.  ith  a  \  aliie  of  .f  Limler  nominal 
conditions. 

Apparatus  and  dear  Damage  Review;  Tile  fatigue  tiamage  vT.  tiie  test  pinion  stunvii  in  figures  I 
through  8.  was  obtained  using  the  spiral  bevel  gear  iatigue  test  rig  illustratcsl  in  tigui'e  4,  at  N.-V.S.A 
Lewis  Research  Center.  The  primaiy  purpcise  or  this  rag  w  tv'  stml;.  tiie  etteets  ot  gear  tooth  design, 
gear  materials,  and  lubrication  tv  pes  on  the  fatigue  strength  of  airerat't  rjualits  gears.  Because  spiral 
bevel  gears  are  used  e.xiensivelv  in  helicopter  trattsmissioas  m  tra.nsfer  power  between  nonpiarallel 
intersecting  shafts,  the  use  of  this  tkiiigiie  rig  forviitigne'sties  studies  is  extremeL  prtietietil.  X'ibrtiiion 
data  from  an  accelerometer  mouniei,'  vui  tiw-  [uttii'n  sliaft  bearing  h.>iwing  was  captured  using  an  on¬ 
line  prognim  running  on  a  personal  computer  with  an  analog  t>i  digital  cvinversion  board  ami  anti¬ 
aliasing  filter,  'file  12-tooth  test  pinion,  and  the  ge.ir  havv  a  3b  degree  s[ural  angle,  a  1  in. 

Lice  width,  a  90  degree  shaft  angle,  and  a  22.;^  degive  pressure  angle.  The  pinion  transmits  720  lip, 
at  a  nomintil  speed  c)f  14,400  rpnn 

Pictures  of  tooth  damage  on  the  pimuni  at  varii>U'  stage'  in  the  test  are  illustrateLi  in  ligtires  1  through 
8.  At  the  first  rig  shul-dov.  n,  at  about  five  and  a  halt  h.ortrs  into  tlie  test,  a  small  pit  was  observetl  on 
one  of  the  teeth  on  the  test  pinion,  as  iliiistratad  in  ligiire  1.  The  rig  was  shut-ilown  an  ailditional 
seven  times  to  observe  aiiil  (.loeument  the  damt;ge  as  it  preigressed  Lluring  the  run.  .-Vs  seen  in  ligtires 

2  through  4,  the  pitted  area  gradtiallv  spread  t,'  ev'Var  o'.vr  .o'  ot  the  taee  ot  [union  tooth,  .-\t 


approximately  twelve  hours  into  the  run,  pitting  started  to  appear  on  adjacent  teeth,  as  seen  in  figure 
5.  The  pitting  on  the  adjacent  teeth  continued  to  grow  until  it  covered  a  majority  of  the  face  of  three 
adjacent  teeth  on  the  pinion,  and  part  of  the  face  on  another  adjacent  tooth,  as  seen  in  figure  7,  taken 
at  approximately  sixteen  hours  into  the  mn.  The  ran  was  stopped  when  it  was  found  that  one  of  the 
three  heavily  pitted  pinion  teeth  experienced  a  tooth  fracture,  losing  one  third  of  the  tooth,  as  illus¬ 
trated  in  figure  8.  The  break-off  occurred  sometime  between  the  seventh  shut-down  (16.16  hours) 
and  the  end  of  the  test  (17.79  hours). 

Discussion  of  Results:  Figures  10  and  11  illustrate  the  minor  speed  and  load  fluctuations  present 
during  the  ran.  Figures  12  through  20  illustrate  the  results  of  applying  the  various  fault  detection 
methods  to  the  experimentally  obtained  vibration  data.  In  all  of  the  figures  from  10  through  20,  the 
vertical  dashed  lines  numbered  1  through  8  correspond  to  the  eight  rig  shut-down  times,  with  the 
resulting  damage  documented  in  figures  1  through  8,  respectively. 

The  fluctuations  in  speed  and  load  over  the  course  of  the  run  were  found  to  have  significant  effects 
on  the  response  of  the  fault  detection  techniques.  As  seen  in  figure  10,  the  rig  speed  varied  within  a 
band  of  approximately  6%  about  the  nominal  pinion  speed  of  14,400  rpm.  From  figure  11,  it  also 
can  be  seen  that  the  gear  torque  varied  within  a  band  of  approximately  18%.  The  sharp  change  in 
speed  and  load  that  occurred  at  approximately  8.75  hours  into  the  ran,  shortly  after  shut-down  #3, 
affected  the  response  of  all  of  the  parameters,  in  particular  NA4.  As  seen  in  figure  15,  the  response 
from  NA4,  and  NA4*,  more  than  doubled,  not  due  to  a  major  increase  in  damage,  but  to  the  load  and 
speed  change  at  that  point.  The  step  changes  in  speed  following  shut-downs  4,  5,  and  6,  and  the 
gradual  change  in  speed  in  the  interims  between  shut  down  are  clearly  evident  in  a  majority  of  the 
parameters.  The  various  levels  of  parameter  response  for  FMO,  FM4,  NA4,  and  NB4,  as  seen  in 
figures  12, 14, 15,  and  16,  respectively,  can  be  directly  linked  to  the  speed  changes.  The  sudden  drop 
in^parameters  NM  and  NB4  at  approximately  3.75  hours,  as  seen  in  figure  13,  corresponds  exactly 
to  the  shift  in  gear  torque  at  that  time,  as  shown  in  figure  1 1 . 

As  seen  in  figure  12,  the  parameter  FMO  shows  only  moderate  changes  as  the  damage  starts  and 
progresses.  A°majority  of  the  variations  in  FMO  are  most  probably  due  to  the  speed  and  load  varia¬ 
tions  during  the  ran. 

Parameters  NA4  and  NB4  are  the  first  to  react  to  the  pinion  tooth  damage,  as  seen  in  the  first  6.5 
hours  comparison  plot  of  NA4,  NB4,  and  FM4,  illustrated  in  figure  13.  The  damage  observed  dur¬ 
ing  shut-down  number  1,  illustrated  in  figure  1,  occurred  sometime  between  the  start  of  the  ran  and 
the  time  of  the  first  shut-down,  5.50  hours.  In  earlier  studies,  parameter  NA4  was  shown  to  be  very 
reliable  and  sensitive  to  the  start  of  pitting  damage  [6].  At  approximately  1.25  hours  into  the  ran 
both  NA4  and  NB4  increase  from  the  nominal  value  of  3  to  values  from  4  to  6,  thus  indicating  the 
start  of  tooth  damage.  Both  NA4  and  NB4  drop  in  amplitude  at  approximately  3.75  hours,  coinci¬ 
dent  with,  and  thus  influenced  by,  the  change  in  gear  torque  that  remains  until  the  first  shut-down 
(5.5  hours). 

Parameter  FM4  did  show  a  possible  reaction  to  the  pit  at  approximately  3  hours  into  the  run,  as 
illustrated  in  figure  14.  FM4,  however,  gives  no  coherent  indication  as  the  pitting  grows  in  severity, 
even  when  it  is°still  limited  to  a  single  tooth,  i.e.  up  to  approximately  10  hours  into  the  run.  This  is 
surprising  since  FM4  was  designed  to  be  a  single  tooth  defect  parameter.  Most  of  the  changes  seen 
in  FM4  are  due  to  corresponding  load  and  speed  changes. 

As  seen  in  figure  15,  NA4  not  only  gives  an  initial  reaction  to  damage  at  1.25  hours,  but  it  also 
continues  to  react  as  the  damage  increases.  When  the  rig  is  restarted  after  shut-down  #1,  NA4 
increases  steadily  to  a  value  of  7,  as  the  damage  progresses  from  the  small  pit  in  figure  1,  to  the  pit 
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seen  in  figure  2,  (co\'enne  50'if  ot  ilic  ti'Otb:  i.  NA4  then  eentnuies  te  inereLise  ti.i  ti  \  aliie  ot  1 7,  as  the 
pit  prows  to  co\’er  o\'er  75^;  of  the  tooth,  siirfaee,  tis  ilinstrateJ  in  tigiire  3.  X.-\4  then  progressi\'el\' 
drops  down,  as  its  run  a\'erancd  dcnoniinatv‘'r  inerea-ie''.  N--\4  ■  maintains  its  sensitiv  its,  due  to  the 
denominator  beinp  locked,  aiiLl  thus  continuing  the  CvSTVinarison  ot  current  cvaKlitions  to  the  denomi¬ 
nator  representing  the  sestem  in  "sooi-l  condition,  .-Xgain,  the  spee^l  ansi  totLjuc  intlucnccs  on  pa¬ 
rameters  NA4  and  NA4-  arc  clearly  >aen.  cspecialis  near  shur-d>n>  n-i  3,  4,  and  A 


Ptiramctcr  NB4  shows  treiirls  \‘er\  similar  tc'  thO'-e  seen,  in  N.-V-t.  e.xccpt  Nla-l  gi\es  a  moic  lobust 
reaction  to  the  damapc,  .As  seen  in  tigure  1  b.  NB-r  increase--  from  a  \  aluc  ot  5  tr'i  the  tibsci  s  cd  small 
pit,  figure  i,  to  a  value  of  2^,  ms  the  pit  cover-  fb  ■  of  the  tooth,  figure  2,  Wdien  the  pitting  covers 
over  75  A  of  tlic  tooth,  figure  -,  XB-t  increa-e-  to  a  value  of  40.  A-  w  ith  parameter  XA4^h  XB4-  is 
used  to  maintain  the  rcspon.-c  through  the  end  ot  the  te-t.  .-Vgain,  the  specLl  and  load  sariations 
clearly  affect  the  response  of  parameter  NB4  tm-l  NB-f  .  as  .-een  tn  tigure  1  (u  near  rig  shut-downs 
4.  5,  and  6. 


Figures  17  and  IS  present  the  result-  of  computing  the  -tandard  deviation  ot  the  instantaneous 
frec|uencv  (l.fr)  of  the  bandpassed  signal  u-ing  r  2  -ateban.ds.  and  ~  1  si-leband.  rcspcctiv'cly.  .-Vs 
seen  in  fipure  17,  the  I.F.  L'is'cs  ;i  ivbust  rcactr  -n.  once  ilte  pitting  e-tablishci,!,  at  5,5  hours.  This 
reaction  is  coincident  with  the  start-up  ot  the  rig,  red. owing  snut--!own  --I.  Hov.evei.  neithei  the 
speed  nor  lotid  chance  sutlicieniB'  enough  at  th.e  -tart-up  to  cau-e  the  I.F,  .-  initial  lUkI  sustainci.1 
reaction  tit  that  point.  Unfortunateh.  the  ultra--ensit!\ it;,  ot  tin-  [virameter  make-  it  vulnerable  to 
noise  in  the  siunal.  even  though  the  noi-e  ha-  been  minimiy.Ci.!  with  time  svnchroiunis  averaging. 
Because  the  gear  ratio  ot  the  test  me-h  i-  e.xacth'.  .v  1 .  r.  i-  ncarl;.  impossible  t^>  leniiwe  the  gCLii 
vibration  fixim  the  pinion  cibration  signal.  Some  ot  the  noise  in  the  results  shown  in  tigtirc  1  7  could 
be  due  to  the  combination  of  gear  ni'isc  in  tlic  -ignal.  and  tne  increasc-l  setisitis'ity  ot  the  parameter. 
Reducing  the  number  of  sidebaitd- 11-0-!  to  onhe  c:  1 .  in  an  eitort  to  ivalucc  tivuse  in  the  signal,  results 
in  eliminating  some  of  the  fault  information  iroin.  the  signal,  a-  illustrated,  in  ligtire  IS. 

Idle  standard  deviation  ot  the  instantanec>us  nna-e  A.l’.;  i-  illustrate^l  in  tiguie  14.  .-Vs  seen  in  this 
figure,  the  1,13  gives  a  rc'busi  reactic'n  at  5..^  h-'iir-  into  tlie  run,  attei  tlie  pit  ha-  been  establishci.1.  1  he 
I.P.  incretises  as  tlie  pit  grows  to  cover  ewer  ~5'  "  .-t  tlic  toafn  taee.  -imilar  to  N.-\4  and  NB-k  howewer 
in  a  less  steadv  manner.  The  I.P.  continues  to  react  to  tne  end  oi  th.e  test,  fluctuating  in  some  cases  as 
a  result  of  the  speed  changes.  It  i-  not  knv'w.n  v.h.;,  tiie  I.P.  gicve  no  deal'  reaction  to  the  [litting  piior 
to  5.5  hours  into  the  run. 


Figure  20  shows  the  denominator  id  parameter  NB-k  or  th.e  run  a',  eraged  wiriance  ol  the  envciogie  ol 
the  bandpassed  siuiial.  Due  to  the  run  averaging  ptv''ce-'.  tni-  paraiuciei  ineiease-  sieLulih  as  the  pit 
grows  from  the  initial  small  pit  tio  the  en-l  ot  the  test.  It  gt'-e-  a.  -teiul;.  indication  ot  a-- uniulatic l 
damage  without  the  influence  cd  -peed  ca'  Kcid  tluctu.ur  ai-. 

Based  on  the  results  just  presented,  parameter-  N.-k-l  and  XB-  gacro  the  bc-l  iikiicalion  ot  the  -tart 
and  initial  progression  ot  piiiing  damage.  .-\-  discus-e-i,  X.-V-l  tin-l  XB-i  ^.k-tectcil  tooth  rkimagL  at 
appro.ximtitelv  1.25  hours  into  the  run,  winch  v.a-  the  tir-t  iiktication  i.>!  a,ll  the  mctlioils  iinesti- 
gated.  NA4  and  NB4  continued  to  increa-e  a-  the  pitting  damage  increa-ed  to  co\  cr  over  75',7  ot  the 
pinion  tooth. 

An  unexpected  result  ol  thi-  -tiklv  -howci.!  that  altliough  the  -pee^l  O:  the  lig  a-  held  to  l1  band 
within  six  percent  of  ikanina.l  spee^l.  ani.1  the  f.kki  v.  a-  hePl  tci  w  ithin  a  beak!  ot  eighteen  pcicent  ot 
nominal,  the  rcsultine  spec-l  and  Kaad  variatmn-  pre-ent  diuing  the  te-i  -ubst.iiuiallc  attLCti,d  tlk 
performance  ol  all  the  gear  taiuli  detection  teehiikiues  imcestigated,.  lo  increase  the  ielkibiht\  id  tlk 


parameters  over  speed  and  load  variations,  the  more  promising  parameters,  NA4  and  NB4,  should 
be  modified  to  adapt  to  the  different  load  and  speed  baselines  to  give  consistent  values  based  on 
damage  alone,  regardless  of  operating  conditions. 

Conclusions:  Based  on  the  results  of  applying  a  number  of  gear  fault  detection  techniques  to  ex¬ 
perimental  data  from  a  spiral  bevel  gear  fatigue  rig,  the  following  conclusions  can  be  made; 

1)  Parameters  NA4  and  NB4  were  the  first  to  react  to  the  gear  surface  damage,  and  thus  are  good 

indicators  of  initial  pitting. 

2)  Parameters  NA4  and  NB4  continued  to  react  as  the  surface  pitting  increased  to  cover  over  75%  of 

the  face  width  of  the  pinion,  thus  indicating  increasing  damage  severity. 

3)  The  run-normalized  variance  of  the  bandpassed  signal’s  envelope  (denominator  of  NB4)  was 

found  to  be  a  good  accumulative  damage  indicator. 

4)  The  standard  deviation  of  the  instantaneous  phase  and  instantaneous  frequency  gave  robust  indi¬ 

cations  of  the  pitting  damage,  once  the  pitting  was  established.  These  parameters,  however, 
are  more  sensitive  to  noise  in  the  signal. 

5)  All  of  the  methods  were  sensitive  to  the  minor  changes  in  rig  speed  and  load.  Additional  research 

is  needed  to  modify  methods,  such  as  NA4  and  NB4,  to  give  reliable  indications,  regardless 
of  speed  and  load. 
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Figure  1 . — Pinion  damage  at  t  =  5.50  hr. 


Pinion  damage  at  t  =  6.55  hr 


Figure  3. — Pinion  damage  at  t  =  8.55  hr. 


Figure  4. — Pinion  damage  at  t  =  1 0.03  hr. 


Figure  5.— Pinion  damage  at  t  =  1 2.03  hr.  Figure  6.— Pinion  damage  at  t  =  1 4.53  hr. 


Figure  7. — Pinion  damage  at  t  =  1 6.1 6  hr.  Figure  8. — Pinion  damage  at  t  =  1 7.79  hr  (end). 
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